We assessed the potential mutual interaction of oral macitentan (cytochrome P450 (CYP) 3A4 substrate) at steady-state with single-dose oral rivaroxaban (CYP3A4 and P-glycoprotein substrate) and evaluated the effect of the CYP3A and P-glycoprotein inducer St John's wort (SJW) on the pharmacokinetics of these drugs in healthy volunteers.
Introduction
Oral long-term anticoagulation is a cornerstone of the supportive therapy of various forms of pulmonary hypertension (PH) [1, 2] , even though prospective trials are still lacking and epidemiological evidence from registries on the potential impact of anticoagulation on survival is equivocal [3, 4] . Whereas substantial benefits of direct oral anticoagulants (DOAC) over vitamin K antagonists (VKA) have been reported for established treatment indications such as atrial fibrillation and venous thromboembolism [5] , evidence for efficacy in pulmonary hypertension is lacking. Indirect evidence suggests that a considerable fraction of patients will require dose modifications due to renal impairment, low body weight or drug interactions caused by targeted therapies [6] .
Data on the interaction of endothelin receptor antagonists with VKA indicate a substantial interaction with bosentan [7] [8] [9] but no interaction with ambrisentan or macitentan [2, [9] [10] [11] . In contrast, there are no data available on the potential pharmacokinetic interaction of DOACs with macitentan, a nonselective endothelin receptor antagonist with dose-dependent beneficial effects in patients with pulmonary arterial hypertension [12, 13] . Rivaroxaban is a possible therapeutic option in patients with pulmonary hypertension not least because of its established efficacy in venous thromboembolism [14] and nonvalvular atrial fibrillation [15] and also because the 5-year incidence of atrial fibrillation in PH patients is considerable and often associated with clinical worsening [16] . Hence, information on the interaction between rivaroxaban and macitentan would be very useful.
Another important and very frequent comorbidity in PH patients is depression [17, 18] , which has substantial impact on the patients' quality of life [19] and often requires pharmacological treatment [20] . As a nonprescription drug, St John's wort (SJW, Hypericum perforatum L.) is frequently used as an antidepressant and often not reported by the patients [21] . However, this can be disadvantageous because of the many serious drug interactions linked to induction of P-glycoprotein (P-gp) [22] and cytochrome P450 isozymes (CYP) such as CYP3A4 [23] , both of which are substantially involved in the pharmacokinetics of rivaroxaban [24] and macitentan [25, 26] or inhibited by macitentan in vitro [27] .
We therefore conducted a clinical trial assessing the impact of macitentan on the pharmacokinetics of rivaroxaban and the impact of CYP3A4 induction by SJW on the pharmacokinetics of macitentan and its active metabolite aprocitentan as well as on the single-dose pharmacokinetics of rivaroxaban. Concurrently, we used low midazolam doses for CYP3A phenotyping to assess the relationship between SJW-induced CYP3A4 activity changes and pharmacokinetic changes of macitentan and rivaroxaban, and to assess the acute effect of rivaroxaban and macitentan on CYP3A activity.
Methods

Quality standards
All procedures performed in this trial involving human participants were in accordance with the ethical standards of the institutional and/or national research committee and with the 1964 Helsinki declaration and its later amendments or comparable ethical standards. This trial (Eudra-CT 2016-002300-61) was approved by the responsible Ethics Committee of the Medical Faculty of Heidelberg University (Germany) and the Federal Institute for Drugs and Medical Devices (BfArM, Bonn, Germany). The trial followed the standards of Good Clinical Practice, and the specific legal requirements in Germany. It was conducted at the Clinical Research Centre (KliPS) of the Department of Clinical Pharmacology and Pharmacoepidemiology, which is certified according to DIN EN ISO 9001: 2015. Before inclusion, written informed consent was obtained from each participant.
Population
Fourteen healthy Caucasian nonsmokers (four females) aged ≥18 years were included into the trial (age ± standard deviation, 37 ± 10 years). Two volunteers (one female) dropped out, due to concurrent viral infection and non-compliance, respectively, leaving 12 participants who all finished the trial. They were not allowed to have clinically relevant findings in pretrial examinations (medical history, physical examination and 12-lead electrocardiogram) and laboratory testing (haematology, blood chemistry, urinalysis with screening of illicit drugs and negative pregnancy tests for females). Furthermore, females had to agree to use reliable contraception. Volunteers were excluded if they received regular drug treatment within the last 2 months (except for oral contraceptives in female volunteers and L-thyroxine), had taken enzyme inhibiting or inducing substances in the last 2 weeks or within a period of <10 times the elimination half-life of the respective substance (whatever was longer), or had participated in a clinical trial within the last month before inclusion. Further exclusion criteria were physical disorders that could interfere with the participant's safety during the clinical trial or study objectives (e.g. any condition that could modify absorption, distribution, metabolism or excretion of the drug regimen under investigation), regular smoking, blood donation within 6 weeks before the first trial day, excessive alcohol drinking (more than approximately 20 g alcohol per day), known or planned pregnancy or breast feeding, and any contraindication against trial medication. During the entire trial, alcohol, beverages containing grapefruit juice and smoking were not allowed. Furthermore, on trial days and 24 h before trial days, volunteers were not allowed to consume caffeinated food or beverages.
Clinical trial design
This was a phase 1, single-centre, open-label, two-period, one-sequence trial (see Figure 1 ), assessing the effect of macitentan (10 mg Opsumit, Actelion, Allschwil, Switzerland) before and during SJW on the pharmacokinetics of rivaroxaban (20 mg Xarelto, Bayer AG, Leverkusen, Germany). Therefore, the single-dose pharmacokinetics of rivaroxaban was assessed alone and at macitentan steadystate before and during combination with SJW. Concurrently, we also monitored acute and chronic effects of macitentan on CYP3A activity, using midazolam phenotyping with microdosed midazolam (30 μg Dormicum; 5 mg/5 ml solution for infusion; Roche Pharma AG, Grenzach-Wyhlen, Germany, dissolved in 200 ml tap water) on six occasions. Using a limited sampling strategy [28, 29] , midazolam pharmacokinetics were analysed after the first macitentan single dose, at macitentan steady-state, and before and after a 12-day combination phase with SJW (300 mg three times daily; Jarsin; Casella-med GmbH & Co KG, Köln, Germany). All drugs were administered orally and concomitantly after an overnight fast and volunteers were served a standardized lunch not earlier than 4 h after drug administration. Compliance of the participants was monitored with a drug diary.
Blood and urine sampling
Plasma samples for rivaroxaban pharmacokinetics were taken on trial days 2, 16 and 29 (predose, and for 24 h postdose). Macitentan plasma samples were drawn on trial days 3 (predose and for 120 h postdose), 15, 16, and 29 (predose and for 24 h postdose). Midazolam plasma samples were taken on trial days 1, 2, 3, 15, 16, and 29 (predose and 2 h to 4 h postdose; Figure 1 ). Blood was withdrawn into lithium heparin tubes, centrifuged within 20 min after collection (2835 g, 10 min, 4°C), and frozen at -20°C until analysis. Urine was collected for 24 h postdose on trial days with macitentan or rivaroxaban administration. The volume of urine was documented and samples were frozen at -20°C until analysis.
Safety assessments
Throughout the trial, adverse events (AE) were monitored by physical examinations, 12-lead electrocardiograms and laboratory testing (haematology, blood chemistry, coagulation and urinalysis).
Bioanalysis
Quantification of plasma samples. Macitentan, its active metabolite aprocitentan (ACT-132577), midazolam and rivaroxaban concentrations in plasma were analysed with high-performance liquid chromatography coupled to tandem mass spectrometry (LC-MS/MS) according to previously described assays [30] [31] [32] . The lower limits of quantification were 1.2 ng ml -1 for macitentan, 5 ng ml
for aprocitentan, 0.093 pg ml -1 for midazolam and 1 ng ml
for rivaroxaban. All assays were validated according to the Food and Drug Administration and European Medicines Agency guidelines for bioanalytical method validation [33, 34] and fulfilled the respective criteria for accuracy/precision, linearity, recovery, matrix effects, and stability.
Quantification of urine samples. Urine analyses of macitentan, aprocitentan and rivaroxaban were performed according to the respective plasma protocols [31, 32] with slight modifications. For the analysis of macitentan and its metabolite, urine samples were treated with and without β-glucuronidase (200 U ml -1 ) and incubated overnight at room temperature. After incubation, urine samples were diluted with plasma (1/8, v/v %) and further processed and analysed according to the published plasma protocol [31] . For the quantification of rivaroxaban, urine samples (100 μl) were processed and analysed according to the published plasma protocol [32] without dilution. Rivaroxaban in urine Drug interactions samples could be precisely (overall precision ≤6.9%) and accurately (overall accuracies between 106-111%) quantified with an expanded linear calibration range of 1-2500 ng ml
(R 2 ≥ 0.99). Also, the urine assays were validated according to the Food and Drug Administration and European Medicines Agency guidelines for bioanalytical method validation [33, 34] and fulfilled all pertinent quality criteria.
Quantification of the unbound fraction. The unbound fraction of macitentan (at steady-state) and rivaroxaban (single dose) was determined at C max using rapid equilibrium dialysis (Thermo Fisher Scientific, Karlsruhe, Germany). The two chambers, separated by a dialysis membrane, were filled with plasma or Dulbecco's phosphate buffered saline (Sigma Aldrich, Taufkirchen Germany). For a complete equilibration between the unbound and bound fraction, samples were kept on an orbital shaker for 24 h at 37°C. For the subsequent LC-MS/MS analysis, equal volumes of plasma and buffer were prepared and analysed according to the published plasma assays [31, 32] .
Data analysis and statistics
Pharmacokinetic parameters were calculated using standard noncompartmental equations (Kinetica 5.0; Thermo Fisher Scientific, Waltham, MA, USA). Data are given as geometric mean with 90% confidence intervals (CI) unless indicated otherwise. Peak plasma concentration (C max ) and time to reach C max (t max ) were directly obtained from individual data. The area under the plasma concentration-time curve of the dosing interval (AUC 0-τ ), and the area under the plasma concentration-time curve from the time of dosing extrapolated to infinity (AUC 0-∞ ) were determined using the mixed log-linear rule. The terminal slope of the concentration-time curve λ was calculated by linear regression of the time-logconcentration data and used to estimate the terminal half-life of macitentan and rivaroxaban. Cl/F of macitentan (after the first and repetitive administration) and rivaroxaban (after single dose administration) was calculated as dose of macitentan or rivaroxaban divided by plasma AUC 0-∞ (single dose) or macitentan dose at steady-state divided by AUC 0-τ . Renal clearance (Cl ren ) of rivaroxaban was calculated as amount excreted unchanged into urine (A E ) divided by AUC during the collection interval. Partial midazolam AUC 2-4h was calculated using Prism 7.02 (GraphPad Software Inc., La Jolla, USA) and partial metabolic midazolam clearance was calculated using the previously validated equation: CL met = 5668/ [AUC 2-4h /dose (mg)] [35] [36] [37] . Spearman rank correlation and linear regression were used to calculate the relationship between absolute changes of midazolam, rivaroxaban and macitentan clearances. The parametric paired t test was used to evaluate differences between two samples of independent observations using Prism 7.02. A P-value <0.05 was considered significant.
Individual net endothelin-antagonistic activity of macitentan and aprocitentan was calculated considering that the metabolite has only 20% of the activity of the parent compound [38] :
Sample size calculation was conducted for the main study objective: non-inferiority of rivaroxaban AUC ratios with and without macitentan administration was to be demonstrated with a paired t test (one-sided) on log transformed AUC values against a non-inferiority margin of 1.25. Assuming a coefficient of variation of 23% and an intrasubject correlation coefficient of 0.5 [39] , the sample size of n = 12 yields a power of 88% with a type I error of α = 0.025. Sample size calculation and corresponding inferential tests on the main study objective were performed in SAS 9.4 (SAS Institute, Cary, USA).
Nomenclature of targets and ligands
Key protein targets and ligands in this article are hyperlinked to corresponding entries in http://www.guidetopharmacology. org, the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY [40] , and are permanently archived in the Concise Guide to PHARMACOLOGY 2017/18 [41] [42] [43] .
Results
Rivaroxaban pharmacokinetics were highly variable ( Figure 2 ) and interindividual Cl/F differed substantially (range from 130-306 ml min -1 ). After 5 days of macitentan administration, Cl/F and exposure of rivaroxaban were not influenced by macitentan but combining macitentan with rivaroxaban resulted in a 25% increase in rivaroxaban C max (P = 0.06) and a significant shortening of 31.5% of rivaroxaban t max compared to baseline without significant alterations of AUC or half-life of rivaroxaban ( Table 1 ). The GMR of the rivaroxaban AUC was 0.98 with confidence intervals excluding both the non-inferiority margin (P = 0.001) and also the standard bioequivalence limits (P = 0.003; Table 2 ). SJW increased Cl/F of rivaroxaban by 33% (P < 0.05), and decreased AUC and C max by 25% (P < 0.05; Tables 1 and 2 ). Renal clearance and half-life were unchanged (Table 1) suggesting that these changes are caused by changes in bioavailability. Individual rivaroxaban Cl/F and partial metabolic midazolam clearance before and during induction with SJW were significantly correlated explaining 22% of the observed variability of rivaroxaban Cl/F (r 2 = 0.22, P = 0.02, Figure 3) .
Consistent with the absence of auto-induction, macitentan single dose AUC values did not significantly differ from AUC values at steady-state. At steady-state of macitentan and during coadministration with rivaroxaban macitentan exposure was similar (Figure 4, Tables 1-3 ). In contrast, SJW substantially decreased the AUC of macitentan by 48% and C max by 45% (P < 0.05, Table 3 ) and macitentan Cl/F and midazolam metabolic clearance were strongly correlated (ρ = 0.66, P = 0.0005; Spearman rank) as were individual clearance changes of the drugs (r 2 = 0.43, P = 0.0005, Figure 3 ).
Steady-state aprocitentan pharmacokinetics were similar before and during comedication of rivaroxaban and SJW (Table 1) .
In agreement with the absence of pharmacokinetic changes ( Figure 2B ), also the predicted mean net endothelin-antagonistic activity of macitentan and its active metabolite was unchanged by rivaroxaban ( Figure 5 ). In contrast, after induction by SJW, the decrease of macitentan was large enough to reduce the predicted net endothelin-antagonistic activity by factor 0.80 (95% CI: 0.78-0.82, P < 0.01) even though aprocitentan plasma concentrations were unchanged.
Macitentan transiently reduced midazolam exposure (day 3 compared to baseline; P = 0.018, Table 4 ), but this effect disappeared at macitentan steady-state. SJW substantially induced CYP3A activity as shown in an increase of partial metabolic midazolam clearance by 272% (Figure 1 ).
Compliance
On study days, all drug doses were administered by trial personnel. According to the participants' diaries, almost all ambulatory drug doses were taken within ±1 h of the planned intake. Only six SJW doses in five of 12 participants were not documented in the personal drug diary with no more than two forgotten doses per participant. These mistakes were considered negligible because the selected doses were high (900 mg SJW day -1 ), enough time remained for induction of CYP3A, and midazolam metabolism was accelerated in all participants.
Tolerability and safety
There were no serious AEs and only four mild and transient AEs occurred, which were considered unrelated to the trial medication. One of these AEs (suspected viral infection with decrease of white blood cell count) led to discontinuation of the trial for this participant.
Discussion
Thus far, the interaction between macitentan and oral anticoagulants has only been assessed for the CYP2C9 substrate warfarin and no interaction was found [10] . However, the targets involved in the elimination of warfarin substantially differ from those determining rivaroxaban exposure, whose fate critically depends on CYP3A and P-gp with only minor contributions of CYP2C9 and numerous other CYP isozymes. Hence, the absence of a pharmacokinetic interaction with warfarin can neither predict nor preclude a potential interaction with rivaroxaban and the multitude of clearance pathways determining rivaroxaban exposure mandate evaluation in a dedicated trial. Therapeutic doses of the nonselective endothelin receptor antagonist macitentan did not modify the overall exposure with rivaroxaban and the only significant effect on rivaroxaban pharmacokinetics was a shortening of t max by approximately 44 min, which resulted in slightly higher (25%) rivaroxaban peak concentrations. After intravenous administration, the P-gp substrate rivaroxaban is actively transported into the gut [44] , indicating that a certain fraction of its clearance depends on this pathway. Because macitentan is an inhibitor of P-gp in vitro [27] , concurrent oral administration of both compounds could impair intestinal efflux of rivaroxaban into the gut lumen and thus accelerate its absorption and shorten t max . High rivaroxaban peak concentrations have been related to bleeding events [45] , but the observed pharmacokinetic trend in this study was small and thus unlikely to be of clinical relevance, suggesting that, from a pharmacokinetic point of view, these drugs can probably be combined without dose adjustment. Moreover, the supposed mechanism of interaction suggests that this effect on absorption will be likely to be mitigated if macitentan is only administered after rivaroxaban C max is reached (i.e. 2 h after rivaroxaban). Single and multiple dose pharmacokinetics of macitentan revealed slightly higher exposure values than previously reported in healthy volunteers [46] , which is possibly caused by the large variability of CYP3A activity in the Caucasian population and in agreement with the observed baseline CYP3A activities (geometric mean midazolam clearance: 524 ml min -1 ), which also tended to values below the population average when compared with other reports [47, 48] . Rivaroxaban did not modify macitentan pharmacokinetics and concurrent assessment of CYP3A activity with midazolam revealed unchanged activity of this important isozyme. Similarly, also during rivaroxaban, midazolam pharmacokinetics was unchanged, thus confirming earlier reports assessing this interaction [24] . However, when these drugs were combined with SJW, a potent well-known inducer of CYP3A and P-gp [49] , exposure with macitentan was reduced to approximately one half, while the concentrations of its active metabolite were unchanged. The fact that the metabolite was unaffected by the inducer is in good agreement with the findings during induction with rifampicin [50] . Because metabolite concentrations at macitentan steady-state are several-fold higher than the concentrations of the parent compound, the impact of the metabolite on endothelin antagonism is considerable even though its activity is only 20% of macitentan. When estimating the net endothelin antagonism, SJW reduced the activity by 20%, which is not likely to be clinically relevant [51] . SJW is known to cause substantial decreases in plasma concentrations of coadministered drugs via induction of CYP3A4, CYP2C9, CYP1A2, and P-gp [21, [52] [53] [54] , well explaining the observed 3.72-fold acceleration of midazolam clearance. Clearance and hence exposure of macitentan are mainly determined by CYP3A4 (99%). In contrast, numerous pathways are involved in the metabolic clearance of rivaroxaban; approximately 18% is metabolized by CYP3A, 14% by CYP2J2, and clearance via CYP-independent hydrolytic cleavage accounts for approximately 14%, while 36% is eliminated unchanged into urine and 7% into the faeces [24] . The efflux pump P-gp appears to contribute to these latter clearances and our observation that renal clearance of rivaroxaban was unchanged during SJW suggests that AUC Table 2 Geometric mean AUC and C max ratios (90% confidence interval) of rivaroxaban pharmacokinetics Macitentan and aprocitentan plasma concentration-time curves after the first macitentan dose (A) and at macitentan steady-state (B) in 12 healthy volunteers Table 3 Geometric mean ratios (90% confidence interval) of macitentan pharmacokinetics changes were not caused by accelerated (P-gp-mediated) elimination into urine but rather by reduced bioavailability in the course of P-gp induction in the gut or by an increase in metabolism. Thus, persistent active rivaroxaban efflux into the gut will prolong its absorption half-life and t max while concurrently leading to smaller peak concentrations. This presumed mechanism of interaction is in agreement with the observation in P-gp knock-out mice that absorption of rivaroxaban is substantially faster without active P-gp [42] .
In sum, induction of P-gp and CYP3A by SJW leads to slower absorption of rivaroxaban and a likely increase in presystemic elimination. This translates into lower rivaroxaban C max , delayed t max and a reduced bioavailability without significantly shortened elimination t 1/2 , and suggests that these pharmacokinetic changes are foremost caused by a modification of the absorption. The extent of the observed interaction was highly variable. For a drug such as rivaroxaban whose maintenance doses have to be adjusted in rather small dosing steps, the large variation of exposure reduction is considerable and might thus adversely affect rivaroxaban efficacy at least in some patients. To avoid potential loss of effect, the combination of SJW and rivaroxaban should be discouraged at least in patients on dose regimens requiring small dose adjustments (e.g. 25% reduction from 20 to 15 mg day -1 in atrial fibrillation patients with renal impairment), whose exposure changes are in the same order of magnitude.
Limitations
A limitation of this trial is that we have not evaluated the impact of SJW on macitentan alone but. because in this and all previous interaction trials, rivaroxaban never acted as a perpetrator drug, we believe that the presence of rivaroxaban is unlikely to have modulated the extent of the interaction between SJW and macitentan. Another limitation is that after single dose administration of macitentan urine was collected only for 24 h. While this will not affect the values for macitentan, which is not eliminated into urine, urinary aprocitentan elimination was likely underestimated. However, macitentan first-dose pharmacokinetics was only of limited importance because it was not part of the interaction assessment.
Conclusion
In conclusion, our trial in healthy volunteers revealed no clinically relevant drug interaction between macitentan and rivaroxaban and a strong but presumably clinically irrelevant reduction of macitentan exposure when it was combined with SJW. In contrast, SJW caused a moderate and highly variable reduction of rivaroxaban that could potentially alter rivaroxaban effects and therefore should best be avoided.
